Plasmonic fields are usually considered non-chiral because of the transverse magnetic polarization of surface plasmon modes. We however show here that an optical lattice created from the intersection of two coherent surface plasmons propagating on a smooth metal film can generate optical chirality in the interfering near field. We reveal in particular the emergence of plasmonic potentials relevant to the generation of near-field chiral forces. This draws promising perspectives for performing enantiomeric separation schemes within the near field.
INTRODUCTION
The capacity to extract clear stereochemical informations on chiral molecules is essential to a large number of analytical chemistry methods [1] . Recently, it has been emphasized that the rate of absorption in molecular chirality is controlled by the density of chirality of the irradiating light field, leading to the idea that "superchiral" fields can enhance chiroptical sensitivity levels [2] [3] [4] .
These issues have revitalized the interest in optical chirality [5] [6] [7] [8] [9] . In particular, optical chiral forces described recently not only involve the density of chirality of the light field, as for chiral spectroscopy, but also its flow of chirality [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . When chirality of light is coupled to chirality of matter, new possibilities for optical enantioseparation have been described, emphasizing that both concepts of chirality density and flow must be included in a comprehensive analysis of chiroptical schemes [15] [16] [17] [18] .
In this context, surface plasmons (SPs) excited on a metal film are interesting: through their strong amplitude and phase gradients, they give rise to very efficient momentum transfers enabling direct object manipulations together with pulling effects that maintain particles in the near field [20] [21] [22] [23] [24] [25] . But while SPs are characterized by chirality flows due to their intrinsic spinning nature, plasmonic chiral densities identically vanish because of the transverse magnetic polarization of SPs [26] . From a chirality perspective, SPs turn out therefore disappointing, explaining why spectroscopists have focused their attention on localized surface plasmon modes (LSP) that lead to strong chiral densities through high local field enhancements [27] [28] [29] [30] . Exploiting such localized excitations have allowed improving sensitivity levels in the context of molecular chiral spectroscopy [2] [3] [4] .
In this article, we take a different view by realizing that a plasmonic optical lattice, formed by the intersection of two coherent surface plasmons propagating perpendicularly with each other on a smooth metal film, provides all necessary ingredients for performing chiroptical schemes in the near field. As we will show, such a near-field optical lattice indeed gives rise to an inhomogeneous density of chirality together with a flow of * Corresponding author: genet@unistra.fr chirality that is not purely transverse as in the case of a single SP mode. Unlike LSPs, such plasmonic optical lattice fields are delocalized. This implies that coherent superpositions of SPs constitute original sources of delocalized optical chirality, relevant both in the context of chiral spectroscopy and in the context of optical forces through inhomogeneous chiral densities and uncompensated chirality flows. A central outcome of our analysis lies in the intrinsic plasmonic character of such combined capacities since all pertinent quantities identically vanish in the case of purely evanescent waves.
From an experimental perspective, the delocalized character of the plasmonic optical lattice is interesting since it does not require the capacity to bring chiral molecules at specific locations as it is the case for chiroptical schemes based on LPSs. Additionally, the chiral optical forces, just as their optical chiral sources, spatially extend throughout the interfering region of the optical lattice, opening the possibility to act on large numbers of chiral systems, such as chiral colloidal suspensions [31, 32] .
I. OPTICAL CHIRALITY
For a general electromagnetic field (E(r, t), H(r, t)), the chiral properties of light are described by the density of chirality K and the flow of chirality Φ [5, 7, 9, 15] :
where ε, µ are the (real) permittivity and permeability of the medium with εµc 2 = 1. These quantities obey a conservation law ∇ · Φ + ∂ t K = 0, analogous to the conservation equation relating the electromagnetic energy density and flow. In the particular case of a harmonic field (E, H) = Re (E 0 (r)e −ıωt , H 0 (r)e −ıωt ), the quantities (1,2) become time-invariant, and their expressions can be simplified to [7, 15] :
It is interesting to note that the degree of chirality of a generic harmonic field, defined as the ratio between the chirality density and the time-averaged energy density W (r) = ε E 0 2 /4 + µ H 0 2 /4, turns out to be strictly bounded [7] with
the equality being reached for circularly polarized light (CPL). Provided harmonicity, the bound (5) is general and applies both to near and far fields. This normalization thus appears as an apposite measure of the degree of chirality for a light field. It emphasizes indeed that the dramatic increase in chirality density reported at the level of plasmonic nanostructures is directly connected with large field enhancements occurring because of specific local concentrations of electromagnetic energy on the nanostructures. When interacting with a chiral dipole, characterized by a non-zero mixed electric-magnetic complex polarizability χ, a chiral electromagnetic field exerts a timeaveraged chiral force, which can be separated into reactive and dissipative chiral components [15] :
with the Poynting vector
The total optical force exerted on the chiral dipole is therefore the sum of the chiral force (6) and the usual achiral components that are the gradient force and the dissipative force [15] . Eq. (6) shows that the description of light chirality cannot be reduced to the sole polarization ellipticity: for instance, a propagating CPL leads to a vanishing reactive chiral force because of its homogeneous chiral density.
From this perspective, it is interesting to stress that near-field inhomogeneities are expected to lead to strong gradients of chirality density and therefore to important reactive chiral forces. Contrasting with the problem of the absorption rate of a chiral molecule that simply involves the density itself, a discussion on optical forces gives an additional argument in favor of the near field where field localization can induce large inhomogeneities in the chirality density. As a clear potential, we note that the chiral force in Eq. (6) changes sign when switching between two enantiomeric forms of the chiral object. This unique property is at the core of the definition of new optical schemes for enantioseparation [15] [16] [17] [18] .
II. THE GENERIC SURFACE PLASMON
We first consider an SP mode propagating at a metaldielectric interface located at z = 0. The dielectric medium lies in the (z > 0)-half space, with ε = n 2 ε 0 , µ = µ 0 , where n ≥ 1 is the real-valued refractive index. The metal medium lies in the (z < 0)-half space and is defined by a complex permittivity ε m that is frequency-dependent. The SP mode propagates in the x-direction and is characterized by a complex wave vector (k, 0, q) t that obeys a specific dispersion relation with k = ω/c ε m /(ε m + ε) and k 2 + q 2 = (ω/c) 2 . As far as chirality is concerned, the disappointment regarding such a generic SP mode directly stems from its transverse magnetic (TM) nature which implies, as already recognized, an identically vanishing chiral density [26] . Indeed, the magnetic field H 0 = H 0 e ıkx e ıqz (0, 1, 0) t gives an elliptical SP electric field E 0 = E 0 e ıkx e ıqz q, 0, −k t which is normal to H 0 , and wherek = kc/ω andq = qc/ω are respectively the dimension-less longitudinal and transverse wave vector components and H 0 = E 0 n 2 ε 0 /µ 0 . The plasmonic electric ellipticity leads to a non-zero flow of chirality which can be easily obtained from Eq. (4) as
and where I 0 = E 0 H * 0 is the intensity of the field. The flow of chirality is transverse to the direction of propagation, a property that directly comes from the evanescent character of the plasmonic field. As recently shown, this is responsible for transverse torques exerted on dissipative nanospheres [33, 34] . But when considering chiral forces, the flow of chirality turns out be exactly compensated by the curl of the time-averaged Poynting vector of the generic SP mode with Φ = ∇ × Π/2. This leads to a vanishing dissipative part of the chiral force given in Eq. (6) and therefore to the important conclusion of the absence of chiral forces induced on chiral dipole immersed in the near field of a propagating generic SP mode. This conclusion actually holds for any transverse magnetic wave, either propagating or evanescent.
III. THE PLASMONIC OPTICAL LATTICE
We have however realized that the situation of the coherent superposition of two SP modes can totally changes the landscape and opens new opportunities. First, as we now demonstrate, the near-field optical lattice formed by the intersection of two SP modes does carry an inhomogenenous chiral density together with a chirality flow this time uncompensated by the curl of the Poynting vector resulting from the plasmonic interference.
We consider the coherent superposition of two orthogonal SPs propagating on the same metal-dielectric interface with the same angular frequency ω, as sketched in Fig. 1 : the two SPs are propagating along the xand y-directions and are intersecting perpendicularly to each other. The resulting near field in the upper dielectric medium then writes as the superposition of the two 
where the complex amplitudes of the two SPs are related through H 1 = n 2 ε 0 /µ 0 E 1 and H 2 = n 2 ε 0 /µ 0 E 2 . For simplicity, we label the intensities of the uncoupled SP fields as E 1 H * 1 = I 1 , E 2 H * 2 = I 2 and of the coupled fields as E 1 H * 2 = H 1 E * 2 = I 1,2 e ıθ , θ being the fixed phase difference between the two surface plasmons at the origin.
The presence, in the interference process, of a coupling term between the fields of the two intersecting SPs leads to the first important result that the chirality density K(r) associated with the plasmonic optical lattice is nonzero and inhomogeneous. It can be evaluated directly from Eq. (3) as:
where φ(x, y) = k (x − y) + θ is the local phase difference between the two waves.
As a consequence, a reactive chiral force is induced (first term in Eq. (6)) at the level of which the normalized chiral density K(r)c/ω can be interpreted as a genuine potential energy density which pushes the chiral dipole towards areas where K is maximized or minimized, depending on the sign of Re [cχ] . On the z = 0 plane for instance, the sin φ = sin[k (x − y) + θ] term has identical values along lines y = x − a with a a real constant, as illustrated in Fig. 2 (a) Fig. 1 where two surface plasmons of identical intensities are launched perpendicularly from each other at a 780 nm wavelength on a gold-water interface, with no phase difference at the origin, i.e. with θ = 0.
for a metal-dielectric interface, K will be minimized for lines L − p along which sin φ = 1 (k a + θ = π 2 + 2pπ, p an integer) and maximized for lines L + p along which sin φ = −1 (k a + θ = − π 2 + 2pπ). This is presented in Fig. 2 (a) with dashed and solid lines, respectively. The density modulation is superimposed to the long range amplitude decrease for increasing values of (x + y) due to the plasmonic damping factor e −k (x+y) in Eq. (9), not discernible in Fig. 2 because the chosen wavelength λ = 780nm yields a too small damping.
The second central outcome is related to the chirality flow Φ which can be obtained directly from Eq. (4) and reads as a superposition Φ = Φ 1 + Φ 2 + Φ 12 of the chirality flow associated with each SPs and of a coupling between the two SP modes. From Eq. (7), we have Φ 1 = I 1 Φ(x, z)ŷ and Φ 2 = −I 2 Φ(y, z)x. The coupling term
surprisingly has a non-zero component in the z-direction which first factor comes from a magnetic ellipticity induced by the coherent superposition. Importantly too, the direction of this component of the chirality flow oscillates as a function of the local phase difference φ between the two waves. At this stage, these properties remain both for propagative waves, taking real k and q wave vectors, and for a purely evanescent fields with real k but pure imaginary transverse wave vector q.
In the force perspective, it is clear that the first two terms Φ 1 and Φ 2 are identically compensated by the curl of the associated time-averaged Poynting vectors Π 1 and Π 2 . But Φ 12 is only altered, and not canceled, by the same curl related to the SP coupling. We are thus left with
which implies that the plasmonic optical lattice does yield a non-zero dissipative chiral force. The longitudinal x and y components of this vector field are presented in Fig. 2 (b) as a function of position in the z = 0 plane. It reveals a very different in-plane dynamics as compared with the reactive chiral force since the dissipative chiral effects are alternatively oriented along the L ± p lines, and not perpendicular to as in the case of the reactive chiral force.
Simultaneously, because of the evanescence of the plasmonic field in the z-direction, the chiral forces have strong components in the z-direction which will lead to vertical chiral forces. Such force components are displayed in Fig. 3 (a) and (b) respectively for the reactive and dissipative components. Because the z-derivative of Eq. (9) leads to a (−2q ) factor, the z-component of the reactive chiral optical force turns out to be opposed to the density of chirality, as easily seen by comparing the two panels (a) of Figs 2 and 3. The z-component of the dissipative chiral force is shown in Fig. 3 (b) and reveals an identical pattern than the one obtained from the chirality density gradient. Due to the strong amplitude gradient in the z-direction, the reactive part of the force density presented in in Fig. 3 (a) is 20 times larger than the dissipative part presented in in Fig. 3 (b) for the considered wavelength. Nevertheless, when considering the total chiral force one has to keep in mind that these force densities are modulated by the real and imaginary parts of (cχ) which generally depends on the optical frequency. Finally, we stress that both quantities presented in Eqs. (9, 11) that characterize the two components of the chiral force are proportional to the real part of the wave vector q. As an important consequence, an evanescent optical lattice, made from the intersection of two purely evanescent fields will not lead to any chiral optical forces. This underlines a fundamental difference between plasmonic fields and evanescent fields such as implemented in TIRF-based studies. In particular, this clearly points to the fact that plasmonic optical lattices are specifically promising when aiming at deracemization schemes exploiting chiral near field forces. The reactive chiral force landscapes displayed in Figs 2 (a) and 3 (a) turn out particularly appealing for optical chiral separation since each enantiomer will be pulled down towards the interface (F z < 0) within the attractive regions shown in Fig.  2 (a) and pushed away (F z > 0) over repulsive regions.
IV. CONCLUSIONS
We have shown that a near field with a rich optically chiral near field can be realized by forming a plasmonic optical lattice with two normally intersecting surface plasmons. In this configuration, the coupling between the two coherent surface waves is the source for inhomogeneous optical chirality and therefore can induce chiral optical forces on chiral objects. Because the strong amplitude and phase gradients associated with plasmonic fields have proven to lead to enhanced momentum transfers in the near field, the generation of near field chirality from plasmonic optical lattices opens promising perspective in the context of chiral manipulation and separation schemes. This is all the more true given that the amplitude and sign of both real and imaginary parts of χ depend on the frequency of the near field thus leading to a great variety of chiral dynamical effects that can be generated at the level of such plasmonic optical lattices. Our results therefore add to the chiroptical toolkit a new class of field excitations in the form of plasmonic optical lattices.
